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S U M M A R Y
We present an analysis of the Mw = 5.3 earthquake that occurred in the Southeast Indian
Ridge on 2010 February 11 using USArray data. The epicentre of this event is antipodal to
the USArray, providing us with an opportunity to observe in details the antipodal focusing of
seismic waves in space and time. We compare the observed signals with synthetic seismograms
computed for a spherically symmetric earth model (PREM). A beamforming analysis is
performed over the different seismic phases detected at antipodal distances. Direct spatial
snapshots of the signals and the beamforming results show that the focusing is well predicted
for the first P-wave phases such as PKP or PP. However, converted phases (SKSP, PPS) show
a deviation of the energy focusing to the south, likely caused by the Earth’s heterogeneity.
Focusing of multiple S-wave phases strongly deteriorates and is barely observable.

Key words: Earthquake source observations; Body waves; Wave propagation.

1 I N T RO D U C T I O N

Focusing of seismic waves at the antipode of a seismic source has
been attracting the attention of seismologists for many reasons. In
antipodal regions, seismic phases propagating trough the inner core
can be observed, providing information about the structure of this
deepest part of the Earth (e.g. Butler et al. 1986; Sun & Song
2002; Niu & Chen 2008). Antipodal energy focusing is also be-
lieved to play an important role during planetary-scale impacts (e.g.
Meschede et al. 2011). One can thus consider the antipode as a ‘col-
lector’ of seismic-wave information (Rial 1978) where the waves
propagating along different paths from all possible directions meet.
At the antipode the waves concentrate and interfere, containing a
global view of the Earth in a reduced area.

With modern numerical methods, the antipodal focusing of seis-
mic waves can be studied theoretically in spherically symmetrical
and heterogeneous Earth’s models (e.g. Meschede et al. 2011). In
contrast, only very few observations of seismic signals recorded at
antipodes of real earthquakes have been reported (e.g. Rial 1978;
Rial & Cormier 1980; Poupinet et al. 1993; Sun & Song 2002;
Cormier & Stroujkova 2005; Niu & Chen 2008; Butler & Tsuboi
2010). Furthermore, quantifying the wave-focusing requires com-
paring observations at several stations located close to the antipode
but at different distances from it. Lin & Tsai (2013) showed obser-
vation of the waves amplification at the antipode using waveforms
reconstructed from seismic noise cross correlation methods.

Rial & Cormier (1980) used records at four stations, with epi-
central distances ranging from 166.03◦ to 179.25◦, to observe a
clear antipodal amplification of different P phases (except the
direct PKIKP wave). The observed waveforms, including their

amplitudes, were found to be very similar to synthetic seismograms
computed in spherically symmetrical earth models at the same set
of epicentral distances. However, the small number of stations used
did not allow these authors to investigate the details of the wave
focusing in space.

In this study, we use a Mw 5.3 earthquake that occurred in the
Southeast Indian ridge on 2010 February 11. The epicentre of this
event was antipodal to the position of the Transportable Array (TA)
component of the USArray (Fig. 1a). Therefore, the records of this
earthquake by the TA stations provide us with a dense sampling
of an antipodal wavefield over an extended area. We use instanta-
neous spatial snapshots of the observed wavefield and beamform-
ing analysis to study the details of the spatial focusing of differ-
ent seismic phases. The observations are compared with synthetic
seismograms computed in the spherically symmetric earth model
PREM (Dziewonski & Anderson 1981) in a period band between 20
and 50 s.

2 DATA

The earthquake of 2010 February 11 occurred in the Indian Ocean
east of Amsterdam and St Paul Islands and had a magnitude Mw

of 5.3. The earthquake’s epicentre was located about 300 km off
the Southeast Indian ridge (Fig. 1b) and was antipodal to the region
where the USArray transportable network component was operating
at that time (Fig. 1a). The moment tensor solution obtained from
the global CMT project (Dziewonski & Anderson 1981; Ekström
et al. 2012) indicates a thrust faulting mechanism with a strong non-
double-couple component (Fig. 1). Such mechanism is unusual for
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Antipodal focusing of seismic waves 1031

Figure 1. (a) Locations of USArray transportable array stations at the time of study with the location of the earthquake antipode. (b) Location and focal
mechanism of the studied earthquake. Black lines indicate Indian Ocean ridges.

a mid-ocenic ridge environment and there is a possibility that it was
not well resolved because of the poor station coverage in the south-
ern hemisphere. At the same time, this intraplate event did not occur
exactly at the ridge, which might explain the unusual mechanism.
For the trust-fault event, all antipodal rays are concentrated near the
maximum of the P-wave radiation pattern. We use the records from
411 stations of the USArray. All seismograms were corrected for
instrumental responses and filtered with a Butterworth band pass fil-
ter between 20 and 50 s. Only the vertical component seismograms
are used in this study.

3 A N T I P O DA L A M P L I F I C AT I O N

Several phases may be detected at the antipode of an earthquake,
having travelled through the mantle and core, as shown in Figs 2(a)

and 3. Several phases are clearly observable in Fig. 3, where the
signals of the three stations closets to the antipode are plotted. PKP
(PKPab), PP, PcPPKP, PPP, SKSP and PPS show a strong signal-to-
noise ratio. PKIKP (PKPdf) does not benefit from the amplification
and thus is not clearly observable. However, the waveforms at the
time of the PKIKP arrival are in phase indicating the signals from
tele seismic waves and not a local noise.

Except for PKIKP (PKPdf), which travels directly through the
crust, mantle and core without any reflection or refraction and ar-
rives at the antipode as an approximately plane wave, all the phases
exhibit clear antipodal amplification resulting from the coherent in-
terference of the waves reaching the antipode from all the different
azimuths.

To illustrate the antipodal amplification, we compare seismo-
grams recorded at different epicentral distances (Figs 4a and 5a).
The signals were averaged in different distance bins to increase the
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1032 L. Retailleau et al.

Figure 2. (a) Different seismic phases reaching the antipode of an earthquake. The phases travel through all the azimuth of the Earth. Paths were obtained
using TauP path calculator (Crotwell et al. 1999) based on the method of Buland & Chapman (1983). (b) Travel paths of the major and minor arc of a phase
(here PP).

Figure 3. Vertical component seismograms of the three stations closest to the antipode of the event bandpassed between 20 and 50.

signal-to-noise ratio. For each distance bin between 166◦ and 180◦,
the signals are averaged over all azimuths to increase the coherent
amplitudes due to the earthquake and reduce potential noise. This
averaging also suppresses the azimuthal variability, which we do
not study.

We then compare the observed signals with synthetic seismo-
grams computed with AXISEM, a 2-D spectral-element solver for
3-D elastodynamics in global, spherically symmetric background
models (Nissen-Meyer et al. 2007), using the isotropic version of
the PREM model (Dziewonski & Anderson 1981) and including

viscoelastic attenuation. Results of this comparison are shown in
Figs 4 and 5. The synthetics were computed using the global CMT
focal mechanism and signals are generated at the same location
as the USArray stations used and filtered in the same way as the
USArray data, between 20 and 50 s. To focus on relative amplitudes
between stations at different locations we normalized synthetics
with a factor computed from amplitudes of the PP phase averaged
over the five closest stations to the antipode. No time delay was ap-
plied. The signals are averaged over different distance bins similarly
to the data (1◦ distance bins in Fig. 4 and 0.25◦ bins in Fig. 5)
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Figure 4. Vertical component seismograms bandpassed between 20 and 50 s and averaged in 1◦ distance bins. (a) Observations. (b) Synthetics. The colours
of traces correspond to the distance from the source and evolve from red (166◦) to blue (180◦).

Figure 5. Time-distance gathers computed with averaging vertical-component seismograms in 0.25◦ bins. Signals were bandpassed between 20 and 50 s.
(a) Observations. (b) Synthetics.

Similarly to what is predicted from numerical modelling, the ob-
served PKIKP waves arrive nearly simultaneously and with same
amplitudes at all stations (Figs 4 and 5). This is explained by the in-
cident angle of the waves arriving from under the network (Fig. 2a).
A further study is shown in Appendix A.

For all other body-wave phases, the amplification is clearly
observed. Observations over long-range of epicentral dis-
tances allows us to identify the converging and diverging
branches propagating below minor and major arcs, respectively
(Fig. 2b).

4 O B S E RVAT I O N O F S PAT I A L
F O C U S I N G

In Fig. 4, a considerable difference in the amplitudes between the
observed and the synthetic antipodal signals appears after 2500 s
when the wavefield begins to be dominated by seismic waves re-
flected many times at the surface, which are strongly sensitive to the
upper-mantle structure. Amplitude of the observed seismic waves
might be decreased because of (1) combination of a possible in-
complete intrinsic attenuation and (2) the scattering at the 3-D
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1034 L. Retailleau et al.

Figure 6. Spatial snapshots of the observed and synthetic velocity signals at the different stations at the time maximizing antipodal amplitude for PKPab, PP,
SKKS, SKSP, PPS and SSS. We use the vertical component of the velocity signals bandpassed between 20 and 50 s.

heterogeneities, which are not considered in the synthetics. The
effects of 3-D heterogeneities are more clearly revealed when
analysing the spatial properties of the wavefield. Fig. 6 shows spatial
snapshots of the observed and synthetic wavefields corresponding
to times of maximum focusing (maximizing antipodal amplitude)
of the different seismic phases: PKPab (PKP), PP, SKKS, SKSP,
PPS and SSS.

These images are obtained by interpolating instantaneous values
observed at individual stations at times of largest amplitude at the
antipode for each phase. As a consequence, the signal-to-noise ratios
are lower than those for stacked signals shown in Figs 4 and 5.
Nevertheless, spatial patterns are clearly observed.

The observed patterns are compared to those obtained from syn-
thetic seismograms computed with the source mechanism from the
Global CMT catalogue. For the phases represented, the antipodal
focusing results in interferometric patterns. When the waves are
well focused, this pattern has a concentric structure with a main
maximum coinciding with the position of the antipode as illustrated
by predictions from synthetic seismograms (PKPab and PP phases
in Figs 6a,b and 6c,d, respectively). Despite the low signal-to-noise
ratios, clear interferometric patterns can be seen in the observations
for most of P waves with the main maxima similar in size and
position to those predicted for the spherically symmetrical Earth’s
model. In the best cases, a few secondary maxima can be recognized,
as illustrated in Figs 6(c) and (d) for the PP phase. The patterns are

quite consistent between the data and the synthetics with the same
wavelength of the concentric circular structures and a focusing at
the antipode.

The signal-to-noise ratio decreases for later arriving phases such
as SKKS (Figs 6e and f). The observed interferometric patterns
start to deviate from the predicted ones for the converted phases
like SKSP or PPS (Figs 6g,h or 6i,j). The focusing deviates from
the antipode and the patterns do not look circular anymore.

The observed interferometric patterns become strongly irregular
and differ from the synthetic data for the multiply reflected S waves
(Figs 6k and l), indicating that the 3-D heterogeneity deteriorates
the focusing of these waves mainly propagating in the upper mantle.

5 B E A M F O R M I N G A NA LY S I S

Fig. 2 shows the ray paths for different phases focusing at the
antipode. In a perfectly spherically symmetrical structure, waves
arrive simultaneously from all directions and focus exactly at the
antipode. As a consequence of the 3-D heterogeneity in the Earth,
waves coming to the antipode from different directions do not arrive
exactly simultaneously. These differences in traveltimes of waves
coming from different directions distort the perfect focusing and,
if sufficiently strong, may even shift the main focusing point away
from antipode. Appendix B studies the possibility that this deviation
is linked to the focal mechanism of the fault.
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Figure 7. (a) Seismograms bandpassed between 20 and 50 s, stacked in 1◦ bins, and aligned with respect to distances to the epicentre’s antipode. (b) Similar
to (a) after applying a moveout correction with a slowness of PP waves propagating along the minor arc. (c) Similar to (a) but aligned with respect to point 2.
(d) Similar to (c) and after applying a moveout correction maximizing the function from eq. (3). (e) Normalized beamforming result obtained from eq. (2) over
an area around the antipode for the minor waves of PP. White numbers indicate positions of points 1 and 2 discussed in the text.

We apply a beamforming analysis to define the location of
strongest focusing.

For this goal, we do not use the most standard ‘plane-wave’
beamformimg algorithm but a version where the traveltime shifts
are computed with assuming a particular location of a focusing
point.

We assume that this location may be different for different seis-
mic phases. We also consider that at the scale of the array used, each
phase is propagating as converging or diverging cylindrical waves
with a constant slowness. Based on these assumptions, we test dif-
ferent positions R and apparent slownesses s and we construct the
following beamforming operator:

B(R, s) =
∫ ω2

ω1

∣∣∣∣∣
1

Ns

Ns∑
n=1

Un(ω)e−iωdt(R,rn ,s)

∣∣∣∣∣ dω, (1)

where: dt(R, rn, s) = dist(R, rn)s are the time delays expected for
a wave converging to a point R with a slowness s and dist(R, rn) is
the distance between the station rn and the point R. Un is the Fourier
transform of the station n. Ns is the number of stations and ω1 and
ω2 define the range of frequencies used for the analysis (the period
are 20–50 s in our case).

The beamforming operator (1) formulated in frequency domain
is equivalent to a sequence of three operations in time domain: (1)
alignment of signals relative to a tested focal point, (2) shifting of
signals assuming a constant slowness and (3) stacking. Application
of the beamforming analysis to the PP waves is illustrated in Fig. 7.
When we consider the antipode as a main focusing point (point
1 in Fig. 7e), the signals are well aligned and clearly show the
minor and major waves (Fig. 7a). After applying time-shifts based
on theoretical slowness of PP waves (Fig. 7b), converging waves
arrive simultaneously and the resulting stack is very strong (Fig. 7e).
When we test a position away from the antipode (Figs 7c and d,
position 2 in Fig. 7e), the alignment and stacking are significantly
deteriorated.

For a wavefield composed of a single converging wave, the func-
tion B(R, s) should have a single maximum [Rmax, smax] with Rmax

giving the location of the focusing and smax the wave slowness. If

more than one wave is present in the analysed records, the func-
tion B(R, s) may contain several distinct maxima. For most phases
(except the PKIKP) we see distinct maxima for waves propagating
along minor and major arcs. For the graphical representations, we
define the following functions:

BR(R) =
∫ smax+δs

smax−δs
B(R, s)ds (2)

and

Bs(s) =
∫∫

δxδy
B(R, s)dxdy, (3)

Intervals δs and δxδy are selected to emphasize the part of the dis-
tribution close to the maxima of for the slowness or of the focusing
location.

The geometry of the stations is not regular around the antipode of
the earthquake with most of them located to the West (Fig. 1). This
one-sided distribution may bias the shape of focusing determined
with the beamforming analysis. To check this, we systematically
tested the beamforming with a group of synthetic seismograms gen-
erated for stations homogeneously distributed around the antipode
in addition to the analysis with real station locations (Appendix C).
There results do not show significant variations compared to the
results using the USArray locations.

6 D I S C U S S I O N

Figs 8–13 show results of the beamforming analysis for several
phases: PKPab, PP, SKKS, SKSP, PPS and SSS (see Fig. 2a for
corresponding rays).

We observe a robust focusing for the main P-wave phase: PKPab
(Figs 6a and 8) and PP (Figs 6c and 9), for both the minor and the
major arc propagations (Fig. 2b).

The main observed focal spot is very close to the prediction
from PREM in terms of its location and spatial extent for PP, the
phase with highest amplitude. The energy of the PP waves is well
focused at the antipode position (Fig. 9). The slowness observed
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1036 L. Retailleau et al.

Figure 8. Results of the beamforming for the phases PKPab. (a) Energy BR for the waves propagating along the minor arc and integrated in the slowness
interval δs = [0.03 0.05] s km−1. The observations are represented as a colourmap and the synthetics with coloured lines. The energy is normalized for the
synthetics and data separately for an easier comparison. The white cross shows the earthquake’s antipode. (b) Energy BR for the waves propagating along the
major arc (δs = [−0.05 −0.03] s km−1). (c) Energy Bs around main focusing locations δxδy (shown with the grey rectangles in a, b).

Figure 9. Results of the beamforming for the phases PP. (a) Energy BR for the waves propagating along the minor arc and integrated in the slowness interval
δs = [0.035 0.055] s km−1. The observations are represented as a colourmap and the synthetics with coloured lines. The energy is normalized for the synthetics
and data separately for an easier comparison. The white cross shows the earthquake’s antipode. (b) Energy BR for the waves propagating along the major arc
(δs = [−0.055 −0.035] s km−1). (c) Energy Bs around main focusing locations δxδy (shown with the grey rectangles in a, b).

Figure 10. Results of the beamforming for the phases SKSP. (a) Energy BR for the waves propagating along the minor arc and integrated in the slowness
interval δs = [0.035 0.065] s km−1 for the observations and δs = [0.025 0.05] s km−1 for the synthetics. The observations are represented as a colourmap
and the synthetics with coloured lines. The energy is normalized for the synthetics and the data separately for an easier comparison. (b) Energy BR for the
waves propagating along the major arc (δs = [−0.065 −0.035] s km−1 for the observations and δs = [−0.05 −0.025] s km−1 for the synthetics). (c) Energy
Bs around main focusing locations δxδy (shown with the grey rectangles for the observations and orange rectangles for the synthetics in a, b).

at the antipode (after averaging over the main focalization zone)
is of 0.045 s km−1 for the waves propagating along the minor arc
and −0.045 for the ones propagating along the major arc (Fig. 9c)
which is very close to predictions estimated by global traveltime
tables (Buland & Chapman 1983). The main difference between

the observations and the synthetics is the ratio of amplitude of the
beamforming energy between the minor and major arc propagations.
Similarly, the PKPab phase (Fig. 8) shows a good focusing at the
antipode and a good match between the observed and the predicted
major slownesses.
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Figure 11. Results of the beamforming for the phases PPS. (a) Energy BR for the waves propagating along the minor arc and integrated in the slowness
interval δs = [0.045 0.075] s km−1 for the observations and δs = [0.05 0.08] s km−1 for the synthetics. The observations are represented as a colourmap and
the synthetics with coloured lines. The energy is normalized for the synthetics and the data separately for an easier comparison. (b) Energy BR for the waves
propagating along the major arc (δs = [−0.075 −0.045] s km−1 for the observations and δs = [−0.08 −0.05] s km−1 for the synthetics). (c) Energy Bs around
main focusing locations δxδy (shown with the grey rectangles for the observations and orange rectangles for the synthetics in a, b).

Figure 12. Results of the beamforming for the phases SKKS. (a) Energy BR for the waves propagating along the minor arc and integrated in the slowness
interval δs = [0.02 0.05] s km−1 for the observations and synthetics. The observations are represented as a colourmap and the synthetics with coloured lines.
The energy is normalized for the synthetics and the data separately for an easier comparison. (b) Energy BR for the waves propagating along the major arc
(δs = [−0.05 −0.02] s km−1 for the observations and synthetics). (c) Energy Bs around main focusing locations δxδy (shown with the grey rectangles in a, b).

For the phase SKSP, the observed focusing significantly differs
from the synthetic prediction. In the spatial snapshot representation
and in the beamforming results (Figs 6g and 10a), a decay of about
115 km to the south is observed between the energy focusing of the
observations and synthetics. The maximum slowness observed with
the data is 0.05 s km−1, while the value predicted with synthetic
seismograms is 0.035 s km−1. A similar southward shift of the
main focusing position is observed for another converted phase
PPS (Fig. 11). In contrast, the phase SKKS does not exhibit the
southward shift of the main focusing location (Fig. 12) though it
seems disturbed by the previous arrivals and shows a low signal-to-
noise ratio (Fig. 4).

The observed focusing becomes very disturbed for the multiple
S waves: SSP, SSS, SSSS . . . (Figs 6d and 13). The energy is still
amplified when closer to the antipode, but the main focusing spot
is badly defined for the data when compared with the synthetics.
This observation confirms the strong influence of the upper mantle
S velocity heterogeneity on the defocusing of the antipodal phases.

The southward shift of the main focus point that is not system-
atically observed in all phases is difficult to explain by an effect
of focal mechanism. First, the mechanism from the Global CMT
catalogue has a dip close to 45◦ and in this case the expected shifts
are very small, as discussed in Appendix B. Nonetheless, a shift

caused by a very different mechanism than the Global CMT mech-
anism should imply similar behaviour for all phases generated as P
or as S waves at the source of the event. Even so, the shift is only
observed for some phases and not for others. Therefore, the most
likely explanation is that this shift is caused by some large-scale
heterogeneity within the Earth.

The most important southward shift of the focus point is ob-
served for the SKSP phase. However, PKPab and another S-wave
phase, SKKS, which both travel through the core, do not exhibit
the same systematic variation. They all travel through the core, but
SKSP waves bounce one time at the surface, indicating that the het-
erogeneity is located in the mantle or the crust rather than in the
core.

The first P-wave phases focus at the antipode and do not show
this shift but there are deteriorations later in the signals. Indeed
no shift is observed for PP and PKPPcP. However, PPP and PPS
are shifted, meaning that shifts can be the consequence of multiple
bounces.

These variations of focusing could be linked to the different trav-
elpaths of the waves arriving at the antipode from the south or
the north. Waves travelling to the antipode from the north bounce
mostly in the continental crust of Eurasia, while waves travelling
from south bounce mostly within the oceanic crust. The differences
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1038 L. Retailleau et al.

Figure 13. Results of the beamforming for the phases SSS. (a) Energy BR for the waves propagating along the minor arc and integrated in the slowness
interval δs = [0.095 0.145] s km−1 for the observations and δs = [0.105 0.15] s km−1 for the synthetics. The observations are represented as a colourmap
and the synthetics with coloured lines. The energy is normalized for the synthetics and data separately for an easier comparison. (b) Energy BR for the waves
propagating along the major arc (δs = [−0.145 −0.095] s km−1 for the observations and δs = [−0.15 −0.105] s km−1 for the synthetics). (c) Energy around
main focusing locations δxδy (shown with the grey rectangles for the observations and orange rectangles for the synthetics in a, b).

in crustal thickness or the differences of mantle and crust compo-
sition in oceanic or continental contexts might induce time delays
or changes in the shapes of the waveforms, perhaps implying signal
interference, changing the focusing of the waves.
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A P P E N D I X A : O B S E RVAT I O N O F P K I K P
B E H AV I O U R

Phase PKIKP shows a different behaviour from the other phases
because of the arrival of the waves from right under the network
(Fig. 2a). This implies that the waves arrive at the same time at
the different stations of the network (Figs 4 and 5) and thus do not
interfere into a focalization effect.

Spatial snapshots are performed to show this behaviour,
using the same method as in Section 4. As expected, the amplitude
of the PKIKP waves is constant over the whole network (Fig. A1)
for the data and synthetics, showing the simultaneous arrivals of the
PKIKP waves.

Furthermore, beamforming analysis, discussed in Section 6,
shows this effect too. No strong focusing is observed for the PKIKP
wave (Fig. A2), which agrees with the simultaneous arrival time
of the signal at all stations (seen on Figs 4 and 5). This behaviour
is predicted by synthetic seismograms and is well seen in the data,
despite the low signal-to- noise ratio (Fig. A1). The most efficient
slowness obtained for this phase is around zero implying an al-
most vertical incidence of this wave at the antipode explained by its
travelpath (Fig. 2a).

PKIKP is the only phase showing this behaviour because it is
the only one travelling directly from the source to the network with
no refraction or reflection at the different interfaces of the earth.
It gives a direct view of the event and the earth travelled without
interferences between the arrivals.
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Figure A1. Spatial snapshots of the observed and synthetic velocity signals at the different stations at the time maximizing antipodal amplitude for PKIKP.
We use the vertical component of the velocity signals bandpassed between 20 and 50 s.

Figure A2. Results of the beamforming for the phase PKIKP. (a) Energy BR integrated in the slowness interval δs = [−0.01 0.01] s km−1. The observations
are represented as a colourmap and the synthetics with coloured lines. The energy is normalized for the synthetics and data separately for an easier comparison.
The locations of the stations are represented with the black points. (b) The energy Bs computed over the all area since no focusing is observed.

A P P E N D I X B : I N F LU E N C E O F T H E
E A RT H Q UA K E F O C A L M E C H A N I S M O N
T H E A N T I P O DA L A M P L I F I C AT I O N S

Antipodal amplification is due to constructive interferences of waves
arriving at the antipode from different directions. This interference
may be partially damaged if waves coming from different azimuth
do not arrive exactly in phase. One possible cause for such decor-
relation might be the influence of the 3-D heterogeneity within the
Earth. Therefore, observing the deviation of the antipodal amplifi-
cation and focusing from predictions in the spherically symmetric
models could help quantify the degree of the Earth’s heterogeneity.
Another possible cause of non-perfect antipodal focusing might be
the influence of the source radiation pattern.

The influence of focal mechanism was tested with synthetic seis-
mograms. 625 synthetic signals are generated for virtual stations
disposed uniformly around the antipode with distances from 174◦

to 180◦ to the source of the earthquake (Fig. A3c). The synthet-
ics are filtered using a Butterworth bandpass filter between 20 and
50 s. Different earthquake mechanisms are tested (Figs A3a and b).

The strike and rake are constant with a value of 90◦ while the dip
varies from 0◦ to 45◦. For mechanisms with nearly vertical or nearly
horizontal fault planes, vertical-component seismograms have low
amplitudes for both P and S waves at antipodal stations. The rea-
son for this is that the antipode coincides with the minima of the
P-waves radiation pattern while most of the radiated S-waves energy
propagates along horizontal components. For such mechanisms, the
maximum of energy is shifted from the antipode (Fig. A4).

The far-field radiation patterns are computed for P and S waves
generated by a point source at 12 km depth (Aki & Richards 1980).
The radiation patterns in dimensionless form FP and FSV are given
by:

F P = cos λ sin δ sin2 ie sin 2(φ − φS)

− cos λ cos δ sin 2ie cos(φ − φS)

+ sin λ sin 2δ(cos2 ie − sin2 ie sin2(φ − φS))

+ sin λ cos 2δ sin2 ie sin(φ − φS), (B1)
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Figure A3. (a) The different tested focal mechanisms are plotted on the left-hand side of the figure. The strike and rake are constant with a value of 90◦.
The dip varies from 0◦ to 45◦ (by steps of 15◦). (b) Synthetic displacement seismograms computed at near antipodal stations. The signals are filtered using a
Butterworth bandpass filter between 20 and 50 s. The signals are drawn for three stations (plotted in c) at 175◦, 177.5◦ and 180◦ of distance from the source
(green, red and blue traces, respectively). (c) The different locations of the computed signals (175◦, 177.5◦ and 180◦ in black, red and blue). Position (0,0) is
the antipode of the source.

Figure A4. (a) The different focal mechanisms tested. The strike and rake are constant with a value of 90◦. The dip varies from 0◦ to 45◦. (b) Radiation
patterns of the PP phase computed from (1) and shown in polar coordinates centred at the antipode position and distances varying between 174◦ and 180◦.
The white circles represent the distances to the source 175◦ and 177.5◦. (c) Normalized vertical displacement for PP phase at the time of largest amplitude
at the antipode at different positions. The magenta star shows the antipode location. (d) Radiation patterns of the SS phase computed from (2) and shown in
polar coordinates centred at the antipode position and distances varying between 174◦ to 180◦. (e) Amplitude displacement for SS phase at the time of largest
amplitude at the antipode at the different positions.
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Figure A5. Results of the beamforming performed on synthetics for the phases PP. (a) Energy BR for the waves propagating along the minor arc and integrated
in the slowness interval δs = [0.035 0.055] s km−1. The energy is normalized for the synthetics and data separately for an easier comparison. The white points
show the location of the USArray station. (b) Energy BR for the waves propagating along the major arc (δs = [−0.055 −0.035] s km−1). (c, d) Beamforming
results computed from synthetic seismograms with a homogeneous distribution of stations. The white points represent the location of the well distributed
stations. (e) Energy Bs around main focusing locations δxδy (shown with the grey rectangles in a, b, c, d).

Figure A6. Results of the beamforming performed on the synthetics for the phases SKSP. (a) Energy BR for the waves propagating along the minor arc and
integrated in the slowness interval δs = [0.025 0.05] s km−1. The observations are represented as a colourmap and the synthetics with coloured lines. The
energy is normalized for the synthetics and data separately for an easier comparison. (b) Energy for the waves propagating along the major arc (δs = [−0.05
−0.025] s km−1). (c, d) Beamforming results computed from synthetic seismograms with a homogeneous distribution of stations. (e) Energy Bs around main
focusing locations δxδy (shown with the grey rectangles in a, b, c, d).
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F SV = sin λ cos 2δ cos 2ie sin(φ − φS)

− cos λ cos δ cos 2ie cos(φ − φS)

+ 1

2
cos λ sin δ sin 2ie sin 2(φ − φS)

− 1

2
sin λ sin 2δ sin 2ie(1 + sin2(φ − φS)). (B2)

φS, δ and λ are, respectively, the strike, dip and rake of the
earthquake. ie is its take-off angle and φ the source-receiver az-
imuth. Take-off angles for given epicentral distances are predicted
by traveltime and ray parameters calculator ttimes (Buland &
Chapman 1983).

To interpret the observation made on vertical components, we
use the FP radiation pattern for P waves and FSV radiation pattern
for S waves (eqs B1 and B2, respectively). These radiation patterns
are compared with amplitudes predicted by synthetic seismograms
in Fig. A4. For a 45◦ dip fault the antipodal energy focusing is
predicted for both PP and SS waves. With the variation of the dip
from 45◦ to 0◦, the locations of apparent focal points shift away
from the antipode. The directions of these shifts are opposite for P

and S waves, which may lead to discrepancies in their maximum
focusing positions.

A P P E N D I X C : B E A M F O R M I N G
R E S U LT S O B TA I N E D B Y U S I N G W E L L
D I S T R I B U T E D R E C E I V E R S

To observe the possible effect of the stations distribution in the
beamforming results we performed the analysis explained in Sec-
tion 6 on synthetics generated for a set of stations well-distributed
around the antipode. Figs A5 and A6 give the results of the beam-
forming analysis for the synthetics generated at the location of
USArray (a, b) and the synthetics generated using a set of well dis-
tributed stations around the antipode (c, d) for the phases PP and
SKSP.

The results obtained with the beamforming method are similar
when using synthetics generated with well-distributed stations or
for the USArray locations. Still, some variations are observable,
showing that the station distribution has some influence, but it does
not influence the interpretations.
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